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ABSTRACT: A very flexible and efficient computer-aided design (CAD) tool, specifically
suited for advanced comb-line rectangular waveguide filters, is presented in this work. The
developed software tool, which makes use of a full-wave analysis technique based on the
Boundary Integral—Resonant Mode Expansion method, allows loading the considered
comb-line resonators with any number of radially symmetrical partial-height metallic posts.
The implemented CAD tool also allows dealing with coupling windows of arbitrary cross-
section, thus drastically enhancing the flexibility of the CAD process. The excitation of the
analyzed components, which is performed using generalized coaxial probes, has also been
integrated in the implemented software tool, thus achieving a full-wave electromagnetic
characterization of the whole component. Furthermore, a novel simple procedure to effi-
ciently connect all the obtained wide-band matrices is proposed. To validate the accuracy
and efficiency of this novel CAD tool, several new designs concerning advanced band-pass
comb-line waveguide filters are presented. The accuracy of the developed CAD tool has
been successfully validated by comparing the obtained results with numerical data provided
by a commercial tool based on the finite-element method. VC 2015 Wiley Periodicals, Inc. Int J
RF and Microwave CAE 25:696–708, 2015.
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I. INTRODUCTION
Rectangular waveguide components are frequently used in
current space communications devices in both microwave
and millimeter wave range [1, 2]. The well-known comb-
line topology is commonly used in critical receiver front-
end applications, and it represents an excellent option for
the input and output stages of current satellite payloads
[3]. Besides, this waveguide technology offers some inter-
esting advantages: a very compact size, a relatively low
manufacturing cost, a great facility to adjust the center
frequency of the passband of the filter over a wide fre-
quency range, and a frequency response almost free of
spurious [4–7]. Classical comb-line waveguide filters are
composed of the interconnection of several boxed cavities
generally loaded with partial-height metallic posts with a
rectangular or a cylindrical shape [8]. The electromagnetic
coupling among the resonators of such filters is achieved
by introducing a set of irises whose cross-section usually
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has a rectangular geometry [8]. Furthermore, microwave
researchers frequently resort to a cross-coupling configu-
ration when designing folded comb-line filters with the
aim of introducing additional transmission zeros. In this
case, rectangular waveguide irises are also commonly
used to increase the electric coupling level between the
desired resonators [9].
In this manuscript, we present a novel and very flexi-
ble computer-aided design (CAD) tool (based on a rigor-
ous full-wave analysis method) specially intended for
advanced topologies of comb-line rectangular waveguide
filters. The main contribution of this work is twofold. On
the one hand, the huge flexibility of the developed CAD
tool is a key feature that enables the analysis of arbitrary
and complex comb-line topologies, as the one we have
represented in Fig. 1. As it can be seen in the figure, the
new tool allows loading the different resonators with gen-
eralized radially symmetrical metallic posts as, for
instance, classical cylindrical posts, partially hollow cylin-
drical posts or mushroom-shaped posts (i.e., two piled-up
posts with different radii).
The developed tool is able to deal with the introduc-
tion of an arbitrary number of radially symmetrical tuning
screws, and even with the use of coupling irises with
disc-ended probes. For instance, it is important to mention
the introduction of coupling windows based on
rectangular-circular coaxial waveguides, which helps to
modeling the cited disc-ended probes. These elements are
used to provide increased levels of electric coupling, of
opposite sign to the classical inductive coupling irises,
thus allowing the generation of real frequency transmis-
sion zeros. Furthermore, the electromagnetic characteriza-
tion of the excitation of the analyzed components (by
means of generalized coaxial probes) has also been inte-
grated in the developed tool, thus achieving a full-wave
representation of the complete device. It is worth to note
that the aforementioned novel features allow the micro-
wave designer to cope with the full-wave analysis and
design of a great variety of very practical band-pass filters
as, for instance, those based on conductor post insert reen-
trant coaxial resonators [5]. Even though the developed
CAD tool is specially suited for the analysis and design
of comb-line filters, it is important to mention that it is
also able to cope with classical diplexers formed by side-
coupled coaxial resonators [10–12], and with more
advanced topologies of diplexers and multiplexers (for
instance, those based on multiple connections among
loaded resonators, recently proposed in [13, 14] but for
empty boxed cavities). To the authors’ knowledge, all pre-
viously cited modifications with respect to the more clas-
sical geometries of comb-line filters have not been
investigated so far in the technical literature concerning
the full-wave modal analysis of this type of components,
and they can contribute to an optimum design of such
structures, as it will be verified in the results section.
Conversely, the second main contribution of this work
is that, to the best knowledge of the authors, the 3D
Boundary Integral-Resonant Mode Expansion (BI-RME)
method [15] has been used for the rigorous full-wave
analysis of comb-line boxed resonators having an arbitrary
number of ports (up to four) with a nonrectangular cross-
section. For instance, a boxed cavity with two nonrectan-
gular ports has been represented in the arbitrary topology
shown in Fig. 1 (upper left hand side of the figure): one
port is the coaxial line used to excite the component, and
the other port is based on a rectangular-circular coaxial
waveguide for modelling a disc-ended probe. In this
respect, it should be pointed out that the authors’ previous
contributions concerning the full-wave analysis of wave-
guide filters by means of the 3D BI-RME technique, were
restricted to the consideration of only one nonrectangular
port (i.e., just the coaxial line) [16]. This key feature of
the novel proposed CAD tool, which has required a sub-
stantial theoretical effort, notably enhances the flexibility
of the developed software.
Furthermore, the wide-band matrices provided by the
full-wave modal techniques used to characterize the ana-
lyzed components are efficiently connected by means of a
novel and simple procedure. As a consequence, a very
efficient CAD tool in terms of consumed CPU resources
has been developed, which can be also employed for
design purposes. To validate the precision of the proposed
CAD tool, several new designs of advanced comb-line
waveguide filters are presented in this work. The obtained
results are successfully compared with the simulated data
provided by a commercial tool based on the finite-element
method, thus demonstrating the accuracy of the imple-
mented software tool.
II. FULL-WAVE ANALYSIS OF ADVANCED COMB-LINE
WAVEGUIDE FILTERS LOADED WITH RADIALLY
SYMMETRICAL POSTS
Next, the main capabilities of the new developed CAD
tool are firstly described. Afterward, the rigorous analysis
Figure 1 Generic comb-line waveguide filter composed of the
arbitrary connection of boxed resonators loaded with radially
symmetrical metallic posts (cylindrical, mushroom-shaped and
partially hollow posts). Cylindrical tuning screws are also consid-
ered in this component. The filter is excited using generalized
coaxial probes, and waveguide irises with disc-ended posts (mod-
eled as rectangular-circular coaxial waveguides) are also
supported.
of advanced comb-line waveguide filters using full-wave
modal methods is presented in detail, and a novel and
simple approach for the efficient connection of the
obtained wide-band matrices is finally proposed.
A. Description of the Developed CAD Tool
The main aim of the implemented simulation tool is the
full-wave modal analysis of comb-line rectangular wave-
guide filters composed of an arbitrary number of boxed
resonators, as it has been represented in Fig. 1. The differ-
ent cavities can be interconnected in any desired pattern,
thus providing a very flexible CAD tool able to deal with
the full-wave analysis of advanced topologies recently
proposed for microwave devices [13]. The comb-line reso-
nators can be loaded with radially symmetrical partial-
height metallic posts, such as cylindrical posts, partially
hollow posts and mushroom-shaped posts, as illustrated in
Fig. 2 (note that more complex posts could be also con-
sidered). These loading posts can be located on any face
of the boxed resonator, and there is no restriction about
the number of considered posts.
The comb-line resonators can also include an arbitrary
number of radially symmetrical tuning screws as, for
instance, the cylindrical tuning screw depicted in Fig. 2c.
It is worth mentioning that such topology (partially hollow
post with an inserted tuning screw) is frequently used to
design conductor post insert reentrant coaxial resonators
[5]. Typically, comb-line waveguide filters are composed
of a body (which is mechanized using a milling tool
whose height and diameter are proportional) and a metal
cover (where tuning screws can be easily allocated and
finely tuned). The most relevant effect due to this manu-
facturing technique is the generation of rounded corners
in the metal cavity walls, which for L- and S-band appli-
cations can be of a few millimeters (thus typically produc-
ing small frequency shifts of a few MHz in the pass-band
response). Making use of appropriate tuning screws
(whose diameters and penetration depths are also in the
range of some few millimeters), the desired band-pass
response could be easily recovered by means of the devel-
oped CAD tool, since it includes the electromagnetic
modelling of real tuning screws.
The comb-line resonators are interconnected using cou-
pling irises which can be located at any lateral face of the
cavities, thus allowing the design of folded topologies
with the option of including cross-couplings. Although
classical comb-line filters are usually designed using cou-
pling windows based on rectangular waveguides, a
remarkable feature of the developed CAD tool is that it is
able to consider waveguide irises of arbitrary cross-
section.
For instance, a coupling iris based on a rectangular
coaxial waveguide whose inner conductor has a circular
geometry, has been represented in Fig. 3. In this example,
the cited inner circular conductor couples the two desired
resonators by means of disc-ended cylindrical posts.
Finally, with regard to the excitation of the component,
the developed CAD tool is able to consider an arbitrary
number of waveguide access ports, all of them of arbitrary
cross-section. As classical comb-line waveguide filters are
usually fed using collinear coaxial lines, the implemented
CAD tool is, therefore, able to cope with generalized
coaxial configurations as, for instance, the disc-ended
coaxial probe displayed on the lower left hand side of
Fig. 1.
B. Full-wave Electromagnetic Analysis of Comb-Line
Resonators
In recent years, the authors proposed a novel approach to
analyze comb-line waveguide filters using full-wave
Figure 2 Radially symmetrical partial-height metallic posts supported by the implemented CAD tool: (a) cylindrical, (b) mushroom-
shaped, and (c) partially hollow post. Note that a cylindrical tuning screw has been included in (c) to cope with the analysis of conductor
post insert reentrant coaxial resonators, and that an arbitrary number of radially symmetrical tuning screws can be added in the cavities of
(a) and (b).
Figure 3 Example of a coupling iris between two adjacent res-
onators based on a rectangular coaxial waveguide with an inner
circular conductor (for modeling a disc-ended probe).
methods [16]. It is important to mention that the tool pre-
sented in [16] was not able to cope with the analysis of
boxed resonators loaded on its base surface with general-
ized radially symmetrical posts. In fact, all the designs
presented in [16] were restricted to filters whose resona-
tors were loaded with the classical cylindrical posts, as
the electric current on the surface of the cited posts was
represented using a set of entire-domain basis functions,
which were suitable to deal only with such geometry [17].
In this work, the new set of basis functions proposed in
[18] has been implemented, thus allowing the rigorous
modeling of the electric current present in generalized
radially symmetrical posts. Additionally, the waveguide
irises used in the designs presented in [16] were limited
to a classical rectangular geometry. This new contribution
eliminates such restriction, and coupling irises of arbitrary
cross-section (i.e., a disc-ended probe) can be considered.
Consequently, this contribution represents a significant
extension of the work developed in [16].
The key building blocks used to cope with the full-
wave analysis of the advanced comb-line waveguide fil-
ters under analysis are shown in Fig. 4, where two generic
comb-line resonators loaded with generalized radially
symmetrical posts have been depicted. In this case, one
resonator is loaded with a mushroom-shaped metallic
post, while the other cavity implements a conductor post
insert reentrant coaxial resonator. It is important to
remember that, in this work, the waveguide irises that
may be present in the considered component can have an
arbitrary cross-section (thus allowing to consider disc-
ended coupling probes). In relation to this, a coupling
window based on a rectangular coaxial waveguide with an
inner circular conductor has been depicted in Fig. 4.
Besides, a collinear coaxial line access port has also been
considered in this key building block to take into account
the excitation of the structure, thus achieving a rigorous
electromagnetic characterization of the whole component.
If the coaxial probe was physically contacting the first
resonant probe, a more elaborated algorithm based on a
set of more general Rao-Wilton-Glisson basis functions
[19] should be used to achieve an accurate electromag-
netic modelling of such configuration. Afterwards, the
theory developed in Section II.C regarding the efficient
connection of wide-band matrices could be employed, so
the implemented CAD tool could be readily updated to
cope with such coaxial excitation.
The strategy followed to address the multimodal char-
acterization of the previously described key building
blocks combines the application of two highly efficient
modal analysis methods: the integral equation technique
[20], and the Boundary Integral-Resonant Mode Expan-
sion (BI-RME) method (in its 2D and 3D versions) [15,
21, 22]. Conversely, the 3D BI-RME method is used for
the full-wave analysis of the rectangular resonators loaded
with radially symmetrical posts [15]. This method is very
efficient from a computational point of view, and it is fre-
quently used for the analysis of lossless microwave devi-
ces with an arbitrary 3D geometry. The method provides
an electromagnetic characterization of the analyzed struc-
tures in terms of a generalized admittance matrix (GAM)
in the form of pole expansions:
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where ki represents the ith resonant wavenumber related
to the considered rectangular resonator after short-
circuiting its waveguide access ports. The definition of
the frequency-independent matrices YAand YB, as well as
the expression of the vector yðiÞ, are fully detailed in [15].
At this point, it should be pointed out that the 3D BI-
RME method has been employed for the modal analysis
of comb-line boxed resonators having an arbitrary number
(up to four) of non-rectangular waveguide access ports.
For instance, note that the resonator presented on the left
side of Fig. 4 includes three nonrectangular waveguide
ports: a coaxial line, a rectangular-circular coaxial port,
and a third waveguide port of arbitrary geometry. The
multimodal analysis of the cited resonator starts from
expanding the vector mode functions of each arbitrary
waveguide port in terms of the vector mode functions of
the canonical rectangular cavity port to which the arbi-
trary waveguide is connected. To this aim, the 2D BI-
Figure 4 Key building blocks of the developed CAD tool. Rectangular resonators loaded with generalized radially symmetrical posts,
and with an integrated collinear coaxial line excitation. Waveguide irises of arbitrary cross-section can be also considered.
RME technique [21, 22] has been properly implemented,
where the cited standard rectangular cavity ports have
been used as the external canonical waveguides. Proceed-
ing in this way, the 2D BI-RME method directly provides
us with the modal coupling coefficients needed to perform
the aforementioned modal expansion. In fact, this is the
same strategy that the authors used in [16] to overcome
the singularity problems associated to the divergent
behavior of the scalar and dyadic Green’s functions of the
boxed resonators (but in such previous work, only one
nonrectangular waveguide port –in particular, a coaxial
waveguide excitation–, was considered). Note that the
cited problems arise when computing the contribution of
the arbitrary waveguide access ports to the generalized
admittance matrix of the considered resonator by means
of the 3D BI-RME method. Once the vector mode func-
tions of the nonrectangular ports have been expressed fol-
lowing this procedure, the singularity of the 3D BI-RME
matrices can be easily removed as in the case of the
standard rectangular waveguide access ports [18]. Finally,
the Y-matrix in the form of (1) can be readily obtained
for the considered comb-line resonator.
Note that, if any rectangular port is present in the ana-
lyzed comb-line resonator (see, for instance, the rectangu-
lar ports of the resonator displayed on the right side of
Fig. 4), the aforementioned modal expansion strategy is
no longer applied. In this particular case, it is more effi-
cient to consider the lateral rectangular face of the resona-
tor to which the rectangular iris is connected as an
auxiliary rectangular port, and first compute the corre-
sponding Y-matrix referred to such auxiliary port. After-
wards, a planar waveguide junction between the two
involved standard rectangular waveguides must be consid-
ered, as highlighted with dashed blue lines in Fig. 5,
which shows the two different planar junctions present in
the component of Fig. 4. The electromagnetic characteri-
zation of this type of planar waveguide junction is very
efficient from a computational point of view, since
closed-form analytical expressions can be derived.
With the aim of characterizing the cited planar junc-
tions between waveguides with a rectangular cross-
section, the integral equation technique described in [20]
has been implemented, thus providing a representation of
the junction in terms of an equivalent generalized imped-
ance matrix (GIM) in the form:
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where ðn; cÞ51; 2 denotes the two ports of the junc-
tion;Am;qrepresents the modal coupling coefficients
between two modes (mth and qth) of the waveguides
involved in the considered planar junction; aðn;cÞq is a set
of expansion coefficients used to represent the transversal
magnetic field in the plane of the junction, and Q is the
number of the considered expansion coefficients (see all
details for this formulation in [20]). In the present contri-
bution, the planar junctions arise at the interface of the
different resonators when the coupling windows are
implemented by means of irises with an standard rectan-
gular cross-section (see dashed lines in Fig. 5).
Additionally, in complex designs where waveguide
irises of arbitrary cross-section are employed, the 2D BI-
RME technique must be used to obtain a wide-band
matrix representation of the uniform waveguide section
related to the arbitrary waveguide (see Fig. 5). In this
respect, it is important to point out that no more calcula-
tions need to be performed, since the arbitrary waveguide
has already been characterized when obtaining the GAM
of the considered resonator by means of the 3D BI-RME
method. With regard to the particular case of the
rectangular-circular coaxial waveguide represented in Fig.
5, note that a dielectric medium is needed in this particu-
lar topology to support the inner circular conductor (such
dielectric medium fills up the whole waveguide, since the
implemented CAD tool cannot cope with dielectric posts
of arbitrary geometry). In this case, the modal chart of the
arbitrary waveguide can be derived using the 2D BI-RME
technique by assuming that the arbitrary waveguide is air-
filled. Afterwards, the cutoff frequencies of the arbitrary
waveguide can be readily re-computed by properly taking
into account the relative permittivity of the dielectric
medium.
Figure 5 2D view of the planar waveguide junctions present in Fig. 4.
C. Efficient Connection of Generalized Admittance and
Impedance Matrices
In a previous work presented by the authors, a novel proce-
dure was introduced to analyze waveguide filters using full-
wave modal analysis methods [16]. However, in such con-
tribution, all the obtained generalized admittance matrices
associated to each planar waveguide junction (and also the
generalized admittance matrices related to each uniform
waveguide section) were transformed into a new set of
wide-band matrices in the form of pole expansions, thus
drastically increasing the CPU time devoted to the
frequency-independent part of the simulation tool. In con-
trast to the method used in [16], a novel and simpler
approach for the efficient connection of all obtained wide-
band matrices is proposed in this work, without resorting to
the more cumbersome procedure based on the connection of
wide-band matrices in the form of pole expansions (see, for
instance, the complex procedure described in [16], Section
3). Therefore, the objective of this section is to present an
efficient procedure to connect the different generalized
admittance and impedance matrices obtained after the elec-
tromagnetic characterization of each building block of the
filter under analysis. Let us consider the generic component
illustrated in Fig. 1, composed of the arbitrary connection
of 10 waveguide resonators through waveguide irises of any
(either arbitrary or rectangular) cross-section.
Note that each boxed resonator may have up to four
ports interconnected (via several irises) to the other reso-
nators. With the aim of identifying each resonator, a
matrix numbering scheme is employed. The component
shown in Fig. 1 can be seen as a 433 matrix, and each
cavity can be identified as indicated in Fig. 6. In Fig. 6,
the waveguide access ports (two in this component) and
the uniform waveguide sections used to interconnect the
different resonators have also been numbered.
First, our aim is to obtain an equivalent generalized
impedance matrix (GIM) for each resonator. This equiva-
lent GIM, not only must take the electromagnetic charac-
terization of the comb-line resonator into account, but it
must also include the wide-band modeling of all the pla-
nar junctions (with their corresponding uniform wave-
guide sections) present in the considered cavity.
Moreover, since each uniform waveguide section has to
be assigned to only one particular resonator, we have cho-
sen to assign them to those resonators (i,j) where i1j pro-
vides an even number. As an example, Fig. 7 shows the
equivalent GIM for the resonator numbered as (1,3) in
Fig. 6, and we have assumed the case where the coupling
windows are implemented using standard rectangular
waveguides.
In Fig. 7, the generalized admittance matrix Yc is asso-
ciated to the cavity, and it has been derived using the 3D
BI-RME method. Conversely, the generalized impedance
matrices Zir are related to the different planar waveguide
junctions, and they have been derived by means of the
integral equation technique previously described. Besides,
the wide-band matrices Zuw represent the generalized
impedance matrices related to the uniform waveguide sec-
tions used to interconnect the considered resonator. To
obtain the equivalent GIM for each resonator, we follow
the efficient procedure described in Appendix.
Once each resonator has been characterized in terms of
an equivalent generalized impedance matrix, the obtained
set of wide-band matrices must be properly connected to
yield the electrical response of the analyzed component.
To this aim, the inward modal electric currents present in
the considered access ports and in the uniform waveguide
sections can be selected as the unknowns of the problem.
For example, in the particular case of the generic compo-
nent depicted in Fig. 6, a system of linear equations with
12 unknowns (as many as the sum of the number of uni-
form waveguide sections and access ports) can be set up.
Finally, the solution of such system of linear equations
provides the scattering parameters of the whole device.
III. RESULTS AND DISCUSSION
The accuracy of the implemented CAD tool has been vali-
dated through the analysis and design of advanced
Figure 6 Generic component composed of the arbitrary connec-
tion of 10 waveguide resonators.
Figure 7 Equivalent GIM of the waveguide resonator (1,3)
depicted in Fig. 6.
narrow-band comb-line filters. Firstly, the folded comb-
line filter with cross-coupling presented in [16] (page 8,
Fig. 9) has been analyzed to validate the accuracy and the
computational efficiency of the proposed technique. The
geometry of this filter has been illustrated in Fig. 8.
In Fig. 9, the magnitude (dB) of the S-parameters of
the analyzed comb-line filter is presented, and an excel-
lent agreement between our results and the numerical data
extracted from both reference [16] and Ansys HFSS is
observed. Besides, the analysis of this component was
performed employing a 2-core processor, as the one used
in [16], and the CPU time was 0.373 s per frequency
point considering 30 accessible modes. This time repre-
sents an increment of only 4.5 hundredths of second per
frequency point compared with the CPU effort achieved
in [16]. Therefore, the new developed tool is as efficient
as the CAD tool presented in [16], while keeping accu-
racy and using a simpler and more systematic approach to
perform the connection of the obtained wide-band
matrices.
The next example deals with the design of an S-band
band-pass filter centered at 3.5 GHz with a bandwidth of
25 MHz (i.e., a 0.53% relative bandwidth), and composed
of the cascade connection of 6 conductor post insert reen-
trant coaxial resonators (note that cylindrical tuning
screws, which penetrate into the partially hollow posts,
Figure 8 Design of a folded comb-line filter with a cross-coupling configuration [16]. The dimensions are (all data in mm): dco53:0,
dci51:3, lcp52:5, wdp50:6, ddp53:2, hcp54:21, hp1513:015, hp2513:163, hp3513:22, dp53:0, w159:7, w256:99, w356:68, wc55:0,
bc56:0, bw58:0, lw51:0, a5b510:0, c516:0.
Figure 9 Scattering parameters of the folded comb-line filter
with cross-coupling designed in Ref. [16].
Figure 10 Design of a band-pass filter composed of conductor post insert reentrant coaxial resonators. The dimensions are (all data in
mm): dco54:2, dci51:27, lp53:817, w1259:208, w2358:019, w3457:862, dp1512:0, dp2510:0, hp1510:5, hp253:0, ht1512:344,
ht2512:509, ht3512:533, dt53:0, hc59:5, li52:0, hi58:0.
have been introduced at the top of each cavity). It is
worth mentioning that the low relative bandwidth required
in this comb-line filter makes the design process more
complicated, since the electrical response of the device is
very sensitive to the physical dimensions of the compo-
nent. Therefore, the accuracy and efficiency of the devel-
oped CAD tool become crucial to ensure a successful
computer-aided design process. The geometry of the filter
has been depicted in Fig. 10. The dimensions of the reso-
nators are 20 mm 3 20 mm 3 20 mm, and the relative
permittivity of the coaxial lines is 2.1.
The scattering parameters of the designed filter have
been represented in Fig. 11, and a very good agreement is
observed between our simulated results and the numerical
data provided by HFSS. The analysis of this filter was
performed using 30 accessible modes, and it needed
12.45 s (2-core processor) per frequency point (HFSS
needed about 160.4 s per frequency point to achieve con-
vergent results in a 20-core processor).
The last validation example addresses the design of an
advanced L-band folded comb-line filter with a cross-
coupling configuration, as depicted in Fig. 12.
In this design, disc-ended coaxial probes (er52:1) have
been used as waveguide access ports. Besides, a cross-
coupling window based on a rectangular coaxial wave-
guide with an inner circular conductor (er52:53) has been
implemented to introduce two transmission zeros. The res-
onators, whose dimensions are 50 mm 3 50 mm 3
50 mm, are loaded with cylindrical posts, while
mushroom-shaped tuning screws have been introduced in
the top of the boxed resonators to fix the desired reso-
nance frequencies.
The electrical response of the designed L-band band-
pass filter (center frequency of 1.85 GHz and a bandwidth
of 20 MHz) has been represented in Fig. 13, where an
excellent agreement is again observed between the
authors’ simulations and Ansys HFSS numerical data.
Note that a sharp selectivity has been reached with this
design due to the two transmission zeros provided by the
electrical cross-coupling topology. In this case, the analy-
sis of the filter needed 9 s per frequency point using a 6-
core processor. The simulation with Ansys HFSS needed
18 s per frequency point to achieve convergent results,
and it was performed in a more powerful workstation
composed of 20 cores.
It is worthy to mention that the increase of the simula-
tion time devoted to the last two designed band-pass fil-
ters is mainly due to the complexity of such structures,
which demands a very high density meshing of the reso-
nators to properly represent the strong variation of the
electromagnetic fields inside the considered components.
Moreover, note that the required low relative bandwidths
of the designed comb-line filters also have a strong influ-
ence on the sensitivity of the electrical performance of the
filters, and this fact affects the density of the applied
meshing. Conversely, it is worth noting that we have
Figure 11 Scattering parameters of the S-band filter designed
in Fig. 10.
Figure 12 Design of a folded comb-line filter with a cross-coupling configuration. The dimensions are (all data in mm): dco54:2,
dci51:27, lcp513:97, wdp51:0, ddp58:0, hcp54:2, lec527:12, wec51:0, dec58:0, hec515:0, dp513:88, hp14527:553, hp23528:0, ds155:6,
hs1;14513:18, hs1;23512:644, ds2510:0, hs250:8, w52:0, w12522:069, hw12535:0, w23521:74, hw23535:0, w14515:0, hw14530:0.
required the use of 30 accessible modes in each wave-
guide access port, as well as a maximum number of reso-
nant modes for each cavity equal to 250, to get
convergent results for all the filters considered in this sec-
tion. The authors have observed a slight frequency shift
between the results provided by the implemented CAD
tool and the numerical data obtained using Ansys HFSS.
These discrepancies are mainly due to the very slow con-
vergence of the results provided by Ansys HFSS for these
particular structures (some of them extremely sensitive
due to their low relative pass-band bandwidths).
Finally, the authors would like to point out that for
carrying out the design (i.e. recovering the desired electri-
cal transfer function with the real structure), analysis effi-
ciency is far more preferred than accurate consideration of
losses. For comb-line filter design, losses are normally
considered at only two stages. First, for evaluating the Q-
factor of the particular resonators chosen for the structure
(which is used to predict very accurately the losses of the
final component by introducing their effect in the ideal
coupling matrix [23]). Second, to perform a final simula-
tion to verify the losses provided by the whole designed
structure. This very limited number of simulations are
normally carried out using more general (but less effi-
cient) commercial tools (i.e., Ansys HFSS). Due to its
higher efficiency, the modal analysis technique presented
in this paper is suitable for performing the design task of
comb-line filters.
IV. CONCLUSION
A very flexible CAD tool specially suited for the full-
wave analysis and design of advanced comb-line wave-
guide filters has been presented. The proposed simulation
tool is able to cope with the electromagnetic characteriza-
tion of generalized radially symmetrical posts, thus allow-
ing the efficient and accurate analysis of a great variety of
practical microwave filters, such as those based on con-
ductor post insert reentrant coaxial resonators. The devel-
oped CAD tool is able to deal, as well, with coupling
windows of arbitrary cross-section (to consider disc-ended
electrical probes), hence enhancing the flexibility of the
design process. The full-wave analysis of the investigated
microwave filters is performed by combining an integral
equation technique for characterizing the planar wave-
guide junctions present in the analyzed component, and
the Boundary Integral – Resonant Mode Expansion tech-
nique (2D and 3D versions). Moreover, a novel and sim-
ple procedure to efficiently connect the obtained wide-
band generalized matrices has been proposed. The accu-
racy of the developed CAD tool has been successfully
validated through several designs of advanced comb-line
rectangular waveguide filters (some of them with very
narrow passbands).
APPENDIX : EFFICIENT CONNECTION OF
GENERALIZED IMPEDANCE MATRICES
Figure A1 shows a connection between a resona-
tor and a waveguide planar junction in terms of
their respective wide-band matrices. It is impor-
tant to note that the equivalent generalized imped-
ance matrix (GIM) of the resonator, Zc, can be
readily obtained by directly inverting its general-
ized admittance matrix Yc. Moreover, Y^
ð1Þ
ir repre-
sents the so-called asymptotic admittances
associated to the bigger waveguide considered in
the planar junction. This set of admittances is
introduced by the integral equation technique (see
more details in [20]). An equivalent set of modal
voltages (V
ðiÞ
c ,V
ð1Þ
ir ) and modal currents (I
ðiÞ
c ,I
ð1Þ
ir )
are also taken into account in Fig. A1. The main
Figure 13 Scattering parameters of the L-band filter designed
in Fig. 12.
Figure A1 Connection of the generalized impedance matrices related to a boxed resonator and a planar waveguide junction.
objective is to obtain an equivalent generalized
impedance matrix Zeq associated to this particular
connection, as represented on the right hand side
of Fig. A1.
Taking into account that V
ð2Þ
c 5V
ð1Þ
ir , we can state:
Vð2Þc 5Z
ð1;1Þ
ir I
ð1Þ
ir 1Z
ð1;2Þ
ir I
ð2Þ
ir 5Z
ð2;1Þ
c I
ð1Þ
c 1Z
ð2;2Þ
c I
ð2Þ
c 1Z
ð2;3Þ
c I
ð3Þ
c
1Zð2;4Þc I
ð4Þ
c :
(A1)
Conversely, we have:
Ið2Þc 52I
ð1Þ
ir 2Y^
ð1Þ
ir V
ð2Þ
c : (A2)
Now, by inserting Eq. (A2) into the right-hand
side of (A1), it is possible to obtain:
ðU1Zð2;2Þc Y^
ð1Þ
ir ÞVð2Þc 52Zð2;2Þc Ið1Þir 1Zð2;1Þc Ið1Þc
1Zð2;3Þc I
ð3Þ
c 1Z
ð2;4Þ
c I
ð4Þ
c ;
(A3)
where U is the N3N identity matrix, being N the
number of accessible modes considered in the
analysis. Afterwards, by substituting the expres-
sion of V
ð2Þ
c [left-hand side of Eq. (A1)] into (A3),
we can derive:
I
ð1Þ
ir 52YaðZð1;2Þir 1Zð2;2Þc Y^
ð1Þ
ir Z
ð1;2Þ
ir ÞIð2Þir 1YaZð2;1Þc Ið1Þc
1YaZ
ð2;3Þ
c I
ð3Þ
c 1YaZ
ð2;4Þ
c I
ð4Þ
c ;
(A4)
where we have defined:
Ya5ðZð1;1Þir 1Zð2;2Þc Y^
ð1Þ
ir Z
ð1;1Þ
ir 1Z
ð2;2Þ
c Þ21: (A5)
Next, we define Ma5Z
ð2;1Þ
ir Ya, and obtain the
modal voltage V
ð2Þ
ir in terms of known matrices:
V
ð2Þ
ir 5ð2Ma Zð1;2Þir 1Zð2;2Þc Y^
ð1Þ
ir Z
ð1;2Þ
ir
h i
1Zð2;2Þir ÞIð2Þir 1MaZð2;1Þc Ið1Þc 1
1MaZ
ð2;3Þ
c I
ð3Þ
c 1MaZ
ð2;4Þ
c I
ð4Þ
c :
(A6)
It is important to note that Eq. (A6) represents
the first expression that characterizes the equivalent
GIM Zeq. To obtain the modal voltages in the rest
of ports, we can use Eqs. (A1) and (A2) to derive:
V
ðiÞ
c 5Z
ði;1Þ
c I
ð1Þ
c 2Z
ði;2Þ
c ðU1Y^ ð1Þir Zð1;1Þir ÞIð1Þir 2Zði;2Þc Y^
ð1Þ
ir Z
ð1;2Þ
ir I
ð2Þ
ir 1
1Zði;3Þc I
ð3Þ
c 1Z
ði;4Þ
c I
ð4Þ
c ;
(A7)
where i51; 3; 4. Next, we define:
M
ðiÞ
b 5Z
ði;2Þ
c ðU1Y^
ð1Þ
ir Z
ð1;1Þ
ir ÞYa: (A8)
By inserting Eq. (A4) into (A7), we finally
obtain the desired expression for the modal vol-
tages related to the rest of ports:
V
ðiÞ
c 5ðMðiÞb Zð1;2Þir 1Zð2;2Þc Y^
ð1Þ
ir Z
ð1;2Þ
ir
h i
2Z
ði;2Þ
c Y^
ð1Þ
ir Z
ð1;2Þ
ir ÞIð2Þir
1ðZði;1Þc 2MðiÞb Zð2;1Þc ÞIð1Þc 1ðZði;3Þc 2MðiÞb Zð2;3Þc ÞIð3Þc
1ðZði;4Þc 2MðiÞb Zð2;4Þc ÞIð4Þc ; i51; 3; 4
(A9)
It is important to point out that this simple
algorithm can be applied iteratively, as many
times as needed, to finally yield the desired
equivalent GIM of the considered resonator. For
instance, in the particular case depicted in Fig. 7,
this procedure has to be applied four times to
absorb the two matrices Zir related to the planar
junctions, and the two matrices Zuw associated to
the uniform waveguide sections. In the particular
case where the matrix to absorb is related to a
uniform waveguide section, note that the asymp-
totic admittances Y^
ð1Þ
ir are no longer present in the
formulation, and a very similar algorithm can be
easily found.
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